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The direct sampling feature of liquid sample desorption electrospray ionization (DESI) allows
the ionization of liquid samples without adding acids/organic solvents (i.e., without sample
pretreatment). As a result, it provides a new approach for probing protein conformation in
solution. In this study, it has been observed that native protein ions are generated from
proteins in water by DESI. Interestingly, the intensities of the resulting protein ions appear to
be higher than those generated by ESI of the proteins in water or in ammonium acetate. For
protein solutions that already contain acids/organic solvents, DESI can be used to investigate
the influences of these denaturants on protein conformations and the obtained results are in
good agreement with spectroscopic data. In addition, online monitoring of protein conforma-
tional changes by DESI is feasible; for instance, heat-induced unfolding of ubiquitin can be
traced with DESI in water without influences of organic solvents/acids. This DESI method
provides a new alternative tool for the study of protein conformation in solution. (J Am Soc
Mass Spectrom 2010, 21, 1730–1736) © 2010 American Society for Mass SpectrometryThe study of protein conformational structure isimportant as the conformational change can oc-cur to regulate the functions of enzymes and
receptors [1]. Besides traditional methods to investigate
protein conformations, such as circular dichroism (CD),
NMR, and X-Ray, mass spectrometry (MS) is also useful
for this purpose due to its high sensitivity [2–4], espe-
cially with the advent of soft electrospray ionization
(ESI) [5] technique allowing the preservation of nonco-
valent interactions of proteins during ionization. In the
acquired ESI mass spectra of proteins, the charge state
distribution (CSD) of protein ions and its width are
indicative to the degree of protein unfolding [6–9].
Typically, when a protein is in the folded structure, a
narrow CSD in low charge states is observed, while
CSD is broadened and shifted to high charge states after
unfolding. This is probably because in comparison to a
folded protein, the unfolded one has a greater capacity
to accommodate a significantly large number of charges
on its surface [3, 10, 11]. Therefore, information about the
conformational states of the protein can often be extracted
based on the structural interpretation of CSDs in ESI-MS,
upon controlling other experimental conditions [4].
Ambient mass spectrometry [12] such as desorption
electrospray ionization (DESI) [13] and direct analysis
in real time (DART) [14] have recently been introduced
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sample preparation. It has been shown that DESI is
successful in the fast analysis of a variety of different
analytes ranging from pharmaceuticals to tissue imag-
ing [15–17]. In addition to being used regularly for solid
sample analysis on surface, DESI has been extended to
allow the direct analysis of liquid samples [18–22]. In
the experiments, ionization of the liquid sample occurs
via interactions of the sample with charged microdro-
plets generated in a pneumatically assisted DESI spray
and subsequent desolvation of the resulting secondary
microdroplets containing the sample analyte. It has
been shown that liquid sample DESI enables convenient
on-line coupling of MS with electrochemistry [19, 23]
and microfluidics [20], and it can be used for the direct
ionization of a wide range of compounds including
amino acids, peptides, protein digests and, particularly,
high-mass proteins [19] from solution without sample
pretreatment. In this sense, liquid sample DESI differs
from traditional ESI in that proteins in solution (e.g., in
water) can be direct desorbed and ionized without
adding acids or organic solvents into samples. Such a
direct sampling feature of DESI (i.e., ionizing the sam-
ple as it is) is advantageous in studying protein confor-
mation, as those chemical additives or “makeup sol-
vent” used in traditional ESI for obtaining a stable spray
or high sensitivity could change protein conformations
before ionization (therefore, to preserve the native pro-
tein conformation while maintaining high sensitivity,
native ESI MS [24] has been introduced in which
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volatile buffers such as ammonium acetate).
In this study, we first examined the DESI ionization
of protein in water or ammonium acetate and it turns
out that folded protein ions with narrow CSDs in low
charge states are generated. With the addition of or-
ganic solvents or acids to protein or peptide solutions,
the conformational changes can also be detected based
on the recorded DESI spectra. In addition, by heating
the protein sample solution in the DESI experiment,
on-line monitoring of heat-induced protein conforma-
tional changes can be performed, providing a simple
and fast way to examine the temperature effect on
protein conformations.
Experimental
Materials
Cytochrome c, myoglobin, lysozyme, ubiquitin, and
human -endorphin were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further
purification. The deionized water used for sample prep-
aration was obtained using a Nanopure Diamond Barn-
stead purification system (Barnstead International,
Dubuque, IA, USA). High-performance liquid chroma-
tography grade methanol was purchased from GFS
Chemicals (Columbus, OH, USA), and glacial acetic
acid was purchased from Fisher Chemicals (Fair Lawn,
NJ, USA).
Apparatus
The liquid sample DESI source used in this study was
the same as described previously [19, 23], in which a
beam of charged microdroplets from the DESI spray
probe was directed onto the outlet of a sample intro-
duction capillary for desorption and ionization. The
sample introduction capillary outlet can be placed on a
Teflon surface (apparatus a, Figure S-1a, Supporting
Information, which can be found in the electronic
version of this article) [19], or can be simply put in
between the DESI spray probe and the mass spectrom-
eter interface (apparatus b, Figure S-1b, Supporting
Information) [23]. The DESI spray probe is virtually an
electrosonic spray ionization (ESSI [25], a variant form
of ESI) source, in which the high voltage (5 kV) and
high-pressure nebulizing nitrogen gas (160 psi) were
used to generate the charged microdroplet beam for
sample desorption and ionization. The DESI spray
solvent used was methanol/water/acetic acid (50:50:1
by volume) and injected at the flow rate of 10 L/min.
Experiments were mainly carried out using either a
LCQ DECA or DECAMAXmass spectrometer (Thermo
Finnigan, San Jose, CA, USA) with a heated capillary
temperature kept at 150 °C. Protein solutions (6–12 M)
were prepared by dissolving solid protein samples into
deionized water and introduced at the flow rate of 5
L/min for DESI ionization. For on-line monitoring ofheat-induced protein conformational changes, a heating
tape was used to heat the sample solution flowing
through the sample introduction capillary to different
temperatures, which were monitored with a digital
Omega thermocouple sensor.
In comparison with DESI, ESSI of proteins was also
performed, in which proteins in water were mixed with
methanol/water/acetic acid (50:50:1 by volume) and
then underwent ionization. A high voltage (5 kV) and
high-pressure nebulizing nitrogen gas (160 psi) were
used for the ESSI ionization and the MS instrument
conditions were kept the same as in the corresponding
DESI experiments. In the sensitivity comparison with
DESI, ESI experiments were performed using the com-
mercial ESI ion sources of DECA or DECA MAX. The
UV absorption experiments were performed on a Spec-
traMax spectrofluorometer (Molecular Devices, Sunny-
vale, CA, USA) and a series of aqueous cytochrome c
samples (8 M) with different pH values adjusted by
acetic acid were measured with three replicates at both
394 and 409 nm. The absorbance data were processed
using a SoftMax Pro.4.8.
Results and Discussion
In this study, we used DESI to directly sample and
ionize various proteins under different conditions, such
as in pure water, in aqueous solution containing am-
monium acetate, acid, or organic solvent, or at different
temperatures. The obtained spectra were analyzed us-
ing CSD as indicators to provide protein conforma-
tional information in solution.
Generation of Native Protein Ions from the Native
Environment
In our experiments, cytochrome c in water was first
chosen for DESI analysis. As shown in Figure 1a, when
the sample was ionized with the DESI spray solvent
containing acetic acid and methanol (MeOH/H2O/
HOAc  50:50:1 by volume), a narrow CSD in low
charge states (7 to 10) of the protein ions was
observed, suggesting the generation of folded native
protein ions [9, 26, 27] in DESI. In addition, native
protein ions were also observed in the DESI of cyto-
chrome c in 100 mM ammonium acetate (Figure S-2,
Supporting Information). By contrast, if the spray sol-
vent was mixed with the protein sample and subse-
quently ionized by ESSI, the spectrum (Figure 1b)
displays the appearance of higher charged ions cen-
tered at 15, indicating the occurrence of denaturation
of the protein due to the high content of denaturants of
acetic acid and methanol present in the sample solution
(the bimodal distributions in Figure 1b, one centered at
8 and the other at 15, is due to the presence of the
two conformer populations, native and denatured cy-
tochrome c [27]). Likely, the difference between the
DESI and ESSI spectra is caused by the limited interac-
1732 MIAO ET AL. J Am Soc Mass Spectrom 2010, 21, 1730–1736tion time of DESI (estimated to be ca. 1 ms, see the
discussion in the Supporting Information) between the
spray solvent and the protein during DESI ionization,
which does not allow the protein to have sufficient time
to unfold. Another possibility for the generation of
native protein ions in the liquid sample DESI is that the
sprayed primary microdroplets might not be com-
pletely mixed with the protein solution within the short
ionization process so that the protein was not well
exposed to the denaturants contained in the microdro-
plets. However, in the ESSI analysis, the mixing of
protein in water with denaturing solvent before ioniza-
tion allows enough time (practically at least many
seconds) for protein denaturation. This contrast be-
tween DESI and ESSI analysis is in agreement with a
recent study [28] showing that labile aerosol chemicals
can be preserved from acid hydrolysis and detected
using DESI due to the minimized ionization time while
ESI failed in the detection. It is also analogous to an
earlier observation of the generation of native protein
ions by multiple channel electrospray ionization
(MC-ES) [29] in which two sprayed beams containing
proteins and methanol/water/acetic acid, respectively,
Figure 1. DESI MS spectra of (a) cytochrome c,
MS spectra of (b) cytochrome c, (d) ubiquitin
conditions: in the DESI experiment, a protein in
L/min and the DESI spray solution was MeOH
flow rate of 10 L/min; in the ESSI experiment, th
spray solvent of MeOH/H2O/HOAc(50:50:1 b
directly sprayed by ESSI. The charge numbers
globin ions.were interacted for ionization.In traditional DESI, in which a solid protein sample
on a surface was analyzed, the resulting protein ions
were highly dependent on the composition of the spray
solvent [30] in which the native-like spray solvent of
methanol/water allowed the generation of native pro-
tein ions, while the denaturing spray solvent of metha-
nol/water/acetic acid gave rise to denatured protein ions.
It is probably because during the traditional solid sample
DESI analysis, the ionization commences with the disso-
lution of the solid protein sample by spray solvent (known
as “surfacewetting” [31, 32]) so that the native-like solvent
can recover the protein conformations but denaturing
solvent with methanol and acid can not.
Other proteins were also tested with the liquid
sample DESI. As expected, in the case of ubiquitin, DESI
generated the native protein ions of 5 to 8 [27]
(Figure 1c), while ESSI gave rise to unfolded ions of 9
to 13 (Figure 1d). The relative low abundance of the
unfolded ions of 9 to 13 is ascribed to the confor-
mational stability of ubiquitin to denaturation because
of its pronounced hydrophobic core and extensive
intramolecular hydrogen bonding involving 90% resi-
dues [27]. For myoglobin, again, the native myoglobin
biquitin, (e) myoglobin, and (g) lysozyme; ESSI
myoglobin, and (h) lysozyme. Experimental
(6–12 M) was injected at the flow rate of 5
/HOAc(50:50:1 by volume) and sprayed at the
e protein sample was first mixed with the DESI
ume) in the ratio of 1:2 by volume and then
d with an asterisk correspond to the apomyo-(c) u
, (f)
H2O
/H2O
e sam
y vol
labeleions [29, 33] with narrow CSDs from 9 to 12 were
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myoglobin ions (labeled with asterisks in the spectrum).
The origin of the latter was probably from in-source
collision-induced dissociation (CID) in the region be-
tween the outlet of the heated capillary and skimmer of
the DECA instrument used, which induced the loss of
heme group under the transmission process of the
native myoglobin ions in this region [34]. Evidence to
support this assumption is that ESI of myoglobin in
water using the same instrument also produced apo-
myoglobin ions (Figure S-4d, Supporting Information).
Furthermore, we tested the DESI analysis of myoglobin
in water using a different instrument of LTQ-Orbitrap,
which mainly generated the native myoglobin ions with
negligible amount of apo-form ions (Figure S-3, Sup-
porting Information). By contrast, the high charge state
distribution corresponding to the unfolded conformer
of apomyoglobin [7, 35] was obtained in ESSI (Figure 1f,
the noncovalently bounded heme group was lost in the
resulting apomyoglobin ions probably due to acid-
induced protein unfolding [36]). For the lysozyme, no
apparent difference in CSDs was seen between the ESSI
and DESI analysis (Figure 1g and h). Likely, the four
disulfide bonds of the protein hold the protein in a
folded structure, in which the regular denaturants
(methanol or acid) can not break the disulfide bonds so
that it often displays the same CSD in both the native and
non-native environments [30].
We also examined the sensitivity of the generation of
the native protein ions using DESI. The DESI and ESI of
proteins such as cytochrome c and myoglobin in water
were carried out at the same day for comparison. It was
found that the DESI sensitivity is about 60 to 70 times
higher than that obtained by ESI analysis of protein in
pure water for the generation of native protein ions
Figure 2. DESI MS spectra of cytochrome c (8 
2.6), and (c) 4% HOAc (pH 2.4); (d) UV spectru
c solution with the solution pH (i.e., the amou
obtained from ten 8 M aqueous cytochrome c s
0.05%, 0.1%, 0.5%, 0.8%, 1%, 2%, 4%, 6%, and 8%
and 409 nm corresponds to the sample containing 2%(Figure S-4, Supporting Information). In DESI, the or-
ganic solvent of methanol used in the DESI spray helps
the desolvation of the charged microdroplets and the
acid used provides sufficient protons for the protein
ionization, improving the ionization sensitivity. How-
ever, in the ESI analysis of the protein in pure water, in
the absence of the methanol or acid, the desolvation or
protonation was not sufficient and the spray might not
be stable either, thus reducing the ionization efficiency.
In addition, we also performed the comparison of liquid
DESI of cytochrome c (10 M) in water with ESI of the
protein (10 M) in 100 M ammonium acetate; again,
the former is more sensitive than the latter by ca. five
times. Therefore, liquid sample DESI reported in this
study provides a method of choice for generating native
protein ions [33, 37], with simplicity and high sensitivity.
Probe Protein Conformation in Non-Native
Envoirnment
As a direct sampling method, DESI can also be used to
probe the protein conformations in a solution that
already contains denaturants such as organic solvents
or acids so that the effects of these denaturants on
protein conformations can be investigated. A series of
cytochrome c samples in the different pHs were pre-
pared by adding acetic acid into aqueous samples and
then analyzed by DESI. In the Figure 2a–c showing the
different CSDs of these samples, one can see that there
is a conformation transition of cytochrome c occurring
at the pH of 2.6 (i.e., 2% acetic acid in water). This result
is exactly in agreement with the UV-absorption mea-
surements of these protein solutions (Figure 2d) in
which the abrupt change in UV absorption takes place
(a) 1% HOAc, (pH  2.7), (b) 2% HOAc (pH 
owing the change of absorbances of cytochrome
f added acetic acid). The 10 data points were
es with different percentages of acetic acid (0%,
converting point for the absorbance lines of 394M) in
m sh
nt o
ampl
). Theacetic acid.
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native His18 and Met80 ligands leads to a Soret absorp-
tion maximum at 409 nm. Displacement of these ligands
upon acid-induced unfolding of the protein induces a
blue shift to 394 nm [26, 38]. The agreement between the
two assays suggests that DESI can be used to study
protein conformations in different solution environments.
Another example in this regard is the study of the
methanol induced conformational change of a polypep-
tide -endorphin, an endogenous opioid that acts as a
neuropeptide in the central nervous system [39], by
DESI. -Endorphin has six basic sites consisting of five
lysine residues and one N-terminal amino group. With
increased methanol component in the -endorphin so-
lution, the most intense peak shifted from5 to4 and
the relative abundance of the 6 ions decreased with
the general intensity increase trends observed for
2 and 3 ions (Figure 3). Table 1 gives the relative
abundance of all ions measured under different
amounts of methanol in solution. It is known that the
alcohol such as methanol can induce helicity of -
endorphin, which will further reduce the number of
accessible basic sites in peptides [39]. In other words, -
endorphin has a more compact structure in methanol/
water than in water. This fact agrees well with the
observation of the CSD shift from high to low charge
states with the increase of the methanol content in
solution, emphasizing that organic solvent-induced
peptide conformational changes can also be probed
by DESI. Also, the detected conformational changes
in this case are exclusively ascribed to methanol,
without the influences of other denaturation factors
such as pH.
In another similar experiment, it was found that
methanol-induced conformational change of ubiquitin
in aqueous solution can also be monitored by DESI. In
the liquid sample DESI spectrum of 12 M aqueous
Figure 3. DESI-MS spectra of 10 M -endorph
(c) 60% MeOH, and (d) 80% MeOH. The DESI s
by volume).ubiquitin, the narrow CSD from 5 to 8 representing
the native conformation was observed (Figure S-5a,
Supporting Information). With the increasing percent of
methanol in the solution to 20%, 50%, there was no
pronounced change for the CSD (Figure S-5b and S-5c,
Supporting Information). This observation is in line
with the previous study which shows the generation of
the folded ubiquitin ions from ubiquitin in aqueous
solution containing 60% methanol at pH 7.2 by ESI [40].
It is also in good agreement with the recent study of
electrospray-assisted laser desorption ionization (ELDI)
[37]. When the concentration of the methanol increased
to 80%, ubiquitin unfolded with the CSD shifted to the
higher charge state distribution centered at 12 (Figure
S-5d, Supporting Information).
Online Monitoring Heat-Induced Protein
Conformational Changes
Liquid sample DESI is also ideal for on-line monitoring
of protein conformational changes in solution and the
instrumentation involved in the experiments is simple.
As a demonstration, we chose to examine the denatur-
ing effect of heat on protein conformations. In our
study, the experiments were carried out simply
by using a modified sample introduction capillary
water containing (a) 0% MeOH, (b) 20%MeOH,
was composed of MeOH/H O/HOAc (50:50:1,
Table 1. Relative abundance of -endorphin as a function of
concentration of methanol
Methanol
concentration
(%)
% Relative abundance of charge states
6 5 4 3 2
0 7.22 51.55 34.02 6.19 1.03
20 3.73 46.58 42.85 5.68 1.16
60 1.05 34.65 52.49 9.71 2.1
80 0.56 26.82 55.87 14.53 2.23in in
pray 2
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was injected through the capillary for DESI ionization,
it was heated up to a certain temperature and the
corresponding MS spectrum was recorded. Figure 4a
shows the acquired DESI mass spectrum of ubiquitin in
water (pH  6.0) at 25 °C and the native ions of 6 to
8 were observed. As the temperature of the protein
sample increased to 73 °C, another peak distribution of
9 to 13 appeared, corresponding to the unfolded
protein ions (Figure 4b). However, the relative intensi-
ties of the ions of9 to13 are low, which is consistent
with the observation of the protein conformational
stability toward acids/organic solvents shown in Figure
1d and indicates the high unfolding energy of this
protein. With the further increase of the temperature,
the intensities of these unfolded protein ions increased
accordingly. At 94 °C, the unfolded protein ions domi-
nated in the spectrum (Figure 4c), suggesting substantial
unfolding of the protein at this temperature [27]. The heat
denaturation transition curve for ubiquitin, a plot of
[F]/([F]  [U]) as a function of temperature [27], is also
displayed in Figure 4d (F designates the tightly folded
form of ubiquitin and U designates the unfolded form
of the protein; the values of F and U were calculated by
summing the heights of the spectral peaks correspond-
ing to ions6 to8 and9 to13, respectively). From
this plot, the transition temperature was estimated to be
80 °C. These results showed that the liquid sample DESI
can be used for on-line monitoring of protein confor-
mational changes with simple instrumentation. In a
previous report of heat-induced ubiquitin conforma-
tional changes using ESI [27], as protein solutions were
prepared in different pHs, the conformational changes
observed were contributed to a combination of heat and
Figure 4. DESI MS spectra of 10 M ubiquit
(b) 73 °C, and (c) 94 °C (background subtracte
plotted as a function of temperature.acid effects. In this DESI experiment, since proteins inpure water were used, the conformational changes
arose exclusively from heat.
Conclusions
In conclusion, we have shown the ionization character-
istics of liquid sample DESI for protein samples and
have demonstrated novel applications of the liquid
sample DESI for the protein conformation study by
taking advantage of its direct sampling nature. It has
been found that native protein ions can be generated
from the aqueous solution with high sensitivity using
DESI. In addition, DESI can be used to examine protein
conformations in non-native environments and to
probe conformation changes in solution, such as or-
ganic solvent or heat-induced protein unfolding. Given
the simplicity and fast ionization nature of liquid DESI
as well as the importance of protein conformation
study, this work would be able to find useful applica-
tions in bioanalysis, such as the detection of labile
protein complexes, metalloenzymes, and multiprotein
assemblies, which are sensitive to acids or organic
solvents.
The study reported in this paper was originally
presented at the ASMS conference in 2009 [41]. During
the revision of this paper, we also noticed a latest
publication [42] reporting the generation of native ions
using another ambient ionization method of extractive
electrospray ionization.
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